Abstract. Magnetotransport and electroluminescence measurements are reported for a p-i-n AIAs/GaAs double-barrier resonant tunnelling structure incorporating superlattices in the emitter and collector. When a magnetic field of 15T is applied (NDR) is observed. Associated with the NDR region in the current-voltage characteristic the energy of the electroluminescence peak from the centre quantum well is shifted by more than 10 meV for a change in applied bias of only 1 mV as the device is swept through resonance.
Introduction
The investigation of the electrical transport properties of n-and p-type double-barrier resonant tunnelling structures C1-81 has naturallyled to the development ofp-i-n resonant tunnelling structures in which the double barrier is incorporated into an intrinsic region between n-and p-type contacts [9, LO]. The p-i-n structure allows for the simultaneous injection of electrons and holes into the quantum well and the investigation of the subsequent radiative recombination. Spatially indirect recombination has been studied in triple-barrier p-i-n structures [ll] and three-terminal pnp resonant tunnelling light-emitting transistors have been fabricated because of their potential application as optical heterodyne transmitters and receivers [12, 13] .
In this paper we report magnetotransport and electroluminescence measurements on a p-i-n doublebarrier structure which incorporates superlattices in the emitter and collector regions. Superlattices have previously been used in the emitter and collector of n-type double-barrier resonant tunnelling devices to enhance the peak to valley ratio and also to enhance the peak current ji4j. Our p-i-n structure has been speciaiiy designed to increase the dwell time of electrons and holes in the centre quantum well and thus enhance the probability of radiative recombination.
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Experimental details
The AlAs/GaAs sample used in the study was grown on a (100) GaAs substrate by molecular beam epitaxy. The detailed composition together with a schematic of the band structure of the device under a forward bias of around 1.8 V is shown in figures 1 and 2. The device consists of an intrinsic region with a double barrier and narrow (3.1 nm) centre quantum well. This intrinsic region is sandwiched between n-and p-type coupled quantum welk which are designed to act as energy filters. Although it is not strictly correct, throughout the paper we will for convenience refer to the three coupled quantum wells and their hybridized quantum states as superlattices and minibands.
Each superlattice simultaneously acts as an emitter lor majority carriers and as a collector for minority carriers which have tunnelled through from the opposite contact. The device is designed in such a way that electrons and holes can be simultaneously resonantly injected into the centre quantum well but their resonant escape is blocked as there are no available states with the correct energy in the corresponding superlattice coiiector. Thus ihe eiectroiuminescence shouid be greatiy enhanced when compared with a classical double-barrier p-i-n structure. In order to increase the efficiency of electroluminescence collection a A1,,,,Ga0,,,As window layer which is transparent for the wavelengths of interest is incorporated into the n+ top contact region. For the optical and electrical measurements, mesas of 100-800 pm diameter with annular gold contacts were fabricated using standard etching and photolithographic techniques.
Results and discussion
The forward bias current-voltage (I-? characteristic (figure 3) measured at 4.2K and zero magnetic field shows a diode-like behaviour with a turn-on voltage of N 1.6 V corresponding to the built-in voltage of the p-n junction. Two features corresponding to the heavy-hole (HH1) and the overlapped electron (El) and light-hole (LH1) resonances are seen in I-V and more easily distinguished as minima in the second differential dzl/dVz. Negative differential resistance (NDR) is not observed because of the large background of nonresonant current. However, the electron resonance is enhanced and a region of NDR is observed when a magnetic field of 15 T is applied parallel to the current. The magnetic field quantizes the motion of electrons and incrciurc innits Lnc possioluucs LUI nun-rcsuuaiii LUIIUCIling involving scattering. Scattering can now only take place when the change in energy AE = hw, where hw, is the Landau level separation. The magnetic field therefore signifcantly reduces the valley current leading to a region of NDR. Already at a temperature of I I K , red eiectroluminescence from the centre quantum well is clearly visible to the naked eye. A typical electroluminescence spectrum measured at 4.2 K and under an applied bias from the various regions of the device. The strong peak at 1.491 eV corresponds to the electron neutral acceptor transition (e-A') in the contact region. The smaller peaks at 1.524and 1.548 eV close to the bandgap ofGaAs most probably originate in the cnntact region (band to hand) and in the superlattices (recombination at impurities) respectively. The peak at 1.612 eV is due to recombination between the El and H H l minibands in the superlattices. The electroluminescence peak at 1.780 eV, which is more than 250 meV above the bandgap of GaAs, arises from the El-HHl recombination in the narrow centre quantum well. The measured recombination energy for both the superlattice and the quantum well agrees within a few meV with the recombination energy obtained using In contrast to previous work on p-i-n double-barrier structures with wider quantum wells [lo], in our device the quantum well peak blue shifts (not~shown) by about 5 meV over a bias range of 1.8 to 2.1 V. The observation of this blue shift is associated with the quenching of the red quantum confined Stark shift with decreasing well width. In our narrow 3.1 nm quantum well, the Stark shift, which vanes, to a first approximation, as the fourth power of the well width, is negligible. Possible origins for the blue shift are discussed in a separate publication [I51 and will not be considered further in this paper.
The voltage dependence of the electroluminescence intensity for the three principal peaks is shown in figure 5 . The intensity of the e-AD peak from the contact regions follows almost exactly the voltage dependence of the current through the device. A local maximum in intensity is observed at a bias voltage corresponding to the HH1 resonance in I-V and is therefore associated with holes which resonantly tunnel into the centre quantum well and escape via non-resonant processes to recombine with electrons in the n-type contacts.
The superlattice recombination shows a quite different behaviour. The intensity initially increases rapidly with increasing bids. A weak feature is seen at 1.82 V associated with the combined El/LHl resonance in I-V followed by a maximum at 1. to recombine in the n-type superlattice. Note, however, that to some extent this decrease is offset by the increasing current and also by the increasing number of electrons which escape from the centre quantum well to recombine in the p-type superlattice.
No electroluminescence is observed from the centre quantum well for bias voltages below the = 1.8 V required to align the miniband in the emitter with the El state in the quantum well. As the voltage is increased further the electroluminescence intensity increases rapidly even for voltages beyond the El resonance, demonstrating once again that non-resonant processes dominate the tunnelling current.
A closer look at the electroluminescence from the centre quantum well at low bias voltages reveals that the luminescence actually consists of two peaks separated by about 20 meV. The effect which is observable at zero magnetic field is enhanced by the application of a magnetic field of 15 T parallel to the current ( figure 6(a) ). At the onset of electroluminescence only one peak is visible, and its intensity increases slowly with applied bias. At higher voltages a second peak appears at higher energy. As the bias voltage is increased further the low-energy peak shifts towards the higher-energy peak, becoming a shoulder and eventually disappearing as the intensity of the high-energy peak increases rapidly dominating the luminescence.
A similar two-peak structure with a similar energy separation of 19meV has been seen in the electroluminescence from a 5nm quantum well. This was initially attributed to the El-HH1 and El-LH1 recombination but the lower energy peak was subsequently identified as recombination at neutral acceptors in the quantum well [lo] . For the narrow 3.1 nm quantum well in our device hot luminescence (El-LH1) is very improbable since the HHl-LHI separation is greater Energy [eVI Figure 6 . (a) Quantum well electroluminescence showing the two-peak structure at low bias voltages. The bias voltage applied is indicated for each curve. The measurements were performed at T = 4.2 K and with a magnetic field of 15T applied parallel to the current in order to enhance t h e two-peak structure. The inset (b) shows the peak flip in t h e electroluminescence associated with the NOR in the current-voltage characteristic at 6 = 15T. Note that an increase in bias voltage of only 1 mV results in an increase in the electroluminescence energy of 10 meV. than the LO phonon energy and the time for non-radiative relaxation by phonon emission from LH1 to HH1 (z lo-'' s) is much shorter than the radiative recombination time ( U lo-' s). The origin of the lower-energy peak is therefore attributed to recombination at neutral acceptors in the quantum well. The high-energy peak is then attributed to the El-HH1 recombination which dominates at high voltages when the neutral acceptor recombination channel becomes saturated.
The structure has been designed in such a way as to enhance the dwell time of the electron and holes in the centre quantum well with the hope not only of improved electroluminescence efficiency but also the possibility of observing optical bistability associated with charge build-up in the centre quantum well. While the effect is not spectacular, there is a 'peak flip' in the electroluminescence from the centre quantum well associated with the NDR region in I-V (at B = 15 T). Figure 6(&) shows the electroluminescence from the Centre quantum well for two bias voltages of 1.831 and 1.832 V either side of the NDR region. For these bias voltages only the lower-energy electron-neutral acceptor peak is observable. An increase of bias voltage of only 1 mV causes the peak position of the electroluminescence to increase by Electroluminescence and magnetotranspori studies zlOmeV. Given that the intensity of the electroluminescence remains almost unchanged on either side of the NDR region it is unlikely that there is a significant change in the charge density in the well. Therefore we associate this blue shift with an increase of the electric field in the centre quantum well due to the redistribution of the potentia1 dropped across the various regions of the structure as the device is swept through resonance.
Conclusion
A p-i-n double-barrier structure incorporating superlattices in the emitter and collector regions which serve as energy filters to enhance radiative recombination from the centre quantum well has been investigated. Strong electroluminescence is observed from the various regions of the device. Associated with the NDR region in the current-voltage characteristic, a peak flip is observed in the electroluminescence from the centre quantum well. The electroluminescence peak energy is shifted by 10 meV for an increase in bias voltage of only 1 mV. Future work will focus on improved structures designed to enhance this effect with the possibility of making high-frequency optical oscillators.
